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Abstract 
The inactivation potential of HHP treatment (200 MPa-2 min) was evaluated against Salmonella enterica 
serovar Typhimurium in cauliflower and mandarin by-product infusions at 37 and 10 °C. By-product 
infusions exerted a strong antimicrobial effect used alone, achieving 5 log cycles of bacterial reduction 
for cauliflower by-product infusion after 10 hours and for mandarin by-product infusion after 80 hours, at 
37 °C. The HHP treatment caused only one log cycle of cellular damage, but when inoculated cauliflower 
or mandarin by-product infusions were subjected to HHP treatment the antimicrobial effect against S. 
Typhimurium was enhanced, achieving 5 log cycles of inactivation in 6 hours at 37 °C in both cases. 
Inactivation curves were adjusted to the Weibull equation and the kinetic parameters (b and n) were 
obtained. When HHP treatment was combined with by-product infusions, the inactivation rates were 
greater than when either of the by-product infusions was added separately. In conclusion, a synergistic 
antimicrobial effect against S. Typhimurium appeared to take place when HHP treatment was combined 
with cauliflower or mandarin by-product infusion. These infusions could be considered as an additional 
microbial control measure to guarantee the food safety and food quality of pasteurized food products that 
are stored under refrigeration. 
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1. Introduction 
Salmonella spp. is a foodborne pathogen, which cause approximately 93.8 million of foodborne disease 
outbreaks worldwide and 155000 deaths per year (Majowicz et al., 2010). In 2010, 99020 cases of 
salmonellosis were reported in the EU and Salmonella spp. were mainly detected in chicken and turkey 
(EFSA, 2011). In the USA, more than 40000 cases of salmonellosis are detected every year and 
products of animal origin are the main source of Salmonella spp. (Finstad, O’Bryan, Marcy, Crandall, & 
Ricke, 2012). Although more than 2500 serotypes of Salmonella enterica have been identified, 
Salmonella enterica serovars Typhimurium and Enteritidis are the most common causes of human 
salmonellosis worldwide (Kramarenko, Nurmoja, Karssin, & Meremae, 2014). 
Therefore, the food industry needs to guarantee food safety in relation to S. enterica. Many products 
potentially contaminated with S. enterica are now processed by using new non-thermal technologies, 
such as oscillatory magnetic fields, radiation, ultrasounds, pulsed electric fields and high hydrostatic 
pressure (HHP), and studies are needed to identify the different control measures alone or combined to 
fight against S. enterica. Among them, HHP technology has shown that it can achieve suitable levels of 
microbial inactivation, preserving sensory and nutritive properties (Polydera, Stoforos, & Taoukis, 2003). 
Moreover, several research studies have shown that the antimicrobial effect of HHP treatment is greater 
when it is combined with various natural antimicrobials, achieving a synergistic effect between them 
(Oliveira, Ramos, Eamos, Piccoli, & Cristianini, 2015; Montiel, Martín-Cabrejas, & Media, 2015; 
Feyaerts, Rogiers, Corthouts, & Michiels, 2015). This synergistic effect allows the use of lower intensities 
in HHP treatments and lower concentrations of natural antimicrobials, achieving the same microbial 
reduction with less impact on sensory and nutritional properties (Pina-Pérez, Rodrigo, & Martínez, 2015). 
Several studies have shown that some vegetable by-products are good sources of bioactive compounds 
with health benefits such as antioxidant, anti-inflammatory and antimicrobial properties (Balasundram, 
Sundram, & Samman, 2006; Peschel, Sanchez, Diekmann, Plescher, Gartzia, & Jimenez, 2006). 
Specifically, by-products of Citrus species (mandarin, orange, lemon) have phenolic compounds and 
essential oils with antimicrobial properties (Khan, Abert-Vian, Fabiano-Tixier, Dangles, & Chemat, 2010; 
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Ramful, Bahorun, Bourdon, Tarnus, & Aruoma, 2010; He, Shan, Wu, Liu, Chen, & Yao, 2011; Dembitsky 
et al., 2012). Similarly, some by-products from Brassicaceae species have also shown an antimicrobial 
effect against bacterial pathogens owing to compounds such as glucosinolates, flavonoids and 
polyphenols (Ahmet et al., 2008; Stojceska et al., 2008; Volden, Bengtsson, & Wicklund, 2009; Köksal et 
al., 2007; Brandi, Amagliani, Schiavano, De Santi, & Sisti, 2006). The presence of bioactive compounds 
with antimicrobial properties in by-products from Citrus and Brassicaceae species opens the door for 
their revalorization as natural antimicrobials in the biocontrol of foodborne pathogens. 
The food industry generates high amounts of waste worldwide. In the European Union, one million tons 
of vegetable residues from the food industry are produced every year (Stojceska, Ainsworth, Plunkett, 
Ibanoglu, & Ibanoglu, 2008). Generally, vegetable waste consists of peel, seeds and leaves and other 
inedible fractions, which are used to feed animals or disposed of by landfill or incineration (Marín, Soler-
Rivas, Benavente-García, Castillo, & Peréz-Alvarez, 2007; Peréz-Jiménez & Viuda-Martos, 2015). 
This residual waste is an economic and environmental problem for the agri-food industry. Therefore, 
many research studies are seeking new strategies for revalorization of this waste, focusing on ways of 
providing it with added value by obtaining bioactive products for use in animal feeding, in biocontrol or as 
fertilizers (Llorach, Espín, Tomás-Barberán, & Ferreres, 2003; Marín et al., 2007). In this way, 
revalorization of residual waste or by-products as bioactive compounds could produce economic benefits 
for the agri-food industry (Wijngaard, Roble, & Brunton, 2009). 
For all these reasons, the aim of this study is to evaluate the antimicrobial effect of infusions of mandarin 
(Citrus reticulata) and cauliflower (Brassica oleracea L. var. botrytis) by-products, alone or combined with 
HHP treatment, against S. Typhimurium stored at different temperatures. 
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2. Materials and methods 
2.1. Microorganism 
Glycerinated cryovials of S. Typhimurium (CECT 443) were obtained from freeze-dried cultures provided 
by the Spanish Type Culture Collection, using the method described by Sanz-Puig, Pina-Pérez, Criado, 
Rodrigo, & Martínez-López (2015). 
2.2. Preparation of cauliflower and mandarin by-product infusions 
Cauliflower and mandarin by-products were provided from agro-industrial primary production of TRASA 
S.L. and INDULLEIDA S.A., respectively. Both by-products were processed according to Brandi, 
Amagliani, Schiavano, De Santi and Sisti (2006). In brief, they were washed in sterile water, dried, 
triturated, and homogenized with a laboratory grinder (Janke & Kunkel, IKA-Labortechnik) to obtain a 
powder with a particle size of 40 µm. 
A 10% (w/v) infusion of cauliflower or mandarin by-product was obtained by boiling the powder in 0.1% 
(w/v) buffered peptone water (Scharlab, S.A., Barcelona, Spain) for 30 min. Then the infusions were 
centrifuged at 4 °C, at 2450 g for 15 min for the cauliflower by-product infusion and at 3000 rpm for 5 min 
in the case of the mandarin by-product infusion. Finally, both infusions were filtered through filters 
(Whatman) with a pore size of 11 and 2.5 μm and then sterilized by filtering through a PVDF syringe filter 
with a pore size of 0.45 μm. 
2.3. Antimicrobial effect of by-product infusions 
Both by-product infusions were inoculated with 108 cfu/mL of S. Typhimurium and incubated at 10 and 
37 °C until its inactivation. The microbial inactivation curves were obtained by removal of aliquots at 
regular time intervals and plate count in Tryptic Soy Agar (TSA, Scharlab Chemie, Barcelona, Spain) 
after serial dilution with 0.1% (w/v) buffered peptone water. The plates were incubated at 37 °C for 24 
hours. All analysis was done in triplicate. 
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2.4. Selection of High Hydrostatic Pressure treatment 
Firstly, the inactivation of S. Typhimurium (108 cfu/mL) by HHP treatment was evaluated at several levels 
of pressure and time (Table 1). Initial load and surviving microorganisms after each HHP treatment were 
obtained by plate count. From these treatments, 200 MPa – 2 min was chosen because it did not cause 
death and produced only one log cycle of cellular damage in the initial S. Typhimurium population. 
2.5. Combined antimicrobial effect of HHP treatment and cauliflower or mandarin by-product 
infusion against S. Typhimurium 
To evaluate the antimicrobial effect of cauliflower and mandarin by-product infusions combined with HHP 
treatment, samples of both infusions were inoculated with S. Typhimurium (108 cfu/mL) and then they 
were treated by HHP (200 MPa – 2 min) and incubated at 10 and 37 °C. Control samples were stored at 
the same temperatures in 0.1% buffered peptone water. In all cases, the inactivation curves of S. 
Typhimurium were obtained by removal of aliquots at regular time intervals during the incubation period 
and plate count. 
2.6. Cellular damage evaluation 
S. Typhimurium cell damage was evaluated for all combinations of HHP treatment – by-product infusion 
addition. For this purpose, microbial plate counts were carried out in TSA (general culture) and TSA with 
3% of NaCl (Wuytack et al., 2003; Arroyo, Somolinos, Cebrian, Condon, & Pagan, 2010) as selective 
medium. 
Cell damage was obtained according to the following equation: 
ܦܽ݉ܽ݃݁݀	݈݈ܿ݁ݏ ൌ ݈݋݃	 ቆܥܨܷ ݉ܮ ݊݋݊ݏ݈݁݁ܿݐ݅ݒ݁⁄ܥܨܷ ݉ܮ ݏ݈݁݁ܿݐ݅ݒ݁⁄ ቇ 
(1) 
 
where CFU/mL selective is the count in selective medium (TSA with 3% NaCl); and CFU/mL 
nonselective is the count in non-selective medium (TSA). 
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2.7. Mathematical modelling 
The kinetic inactivation curves of S. Typhimurium were adjusted by using the Weibull model (Peleg & 
Cole, 1998, Fernandez, Salmerón, Fernandez, & Martinez, 1999): 
logଵ଴൫ܵሺݐሻ൯ ൌ െܾ ൈ ݐ௡ (2) 
 
 
where t is the time (hours), S is the survival fraction, i.e., the quotient between the cell concentration at 
time t (Nt) (cfu/mL) and the initial cell concentration (N0) (cfu/mL), b is the scale factor and n is the form 
factor. 
2.8. Statistical analysis 
Average and standard deviation calculations for the three repetitions and an ANOVA analysis to test 
significant differences between samples were carried out. The goodness of fit of the model was 
assessed by using the adjusted regression coefficient (adjusted-R2) (López et al., 2004). The statistical 
analysis was performed with STATGRAPHICS Centurion XV (version 15.1.03; STATGRAPHICS, 
Warrenton, VA). 
 
3. Results and discussion 
3.1. Antimicrobial effect of cauliflower and mandarin by-product infusions, HHP treatment and 
the combination of them against S. Typhimurium 
Figures 1 and 2 show the inactivation curves for S. Typhimurium during its incubation at 37 °C (a) and 10 
°C (b) with or without cauliflower or mandarin (10% (w/v)) by-product infusion, respectively, and with or 
without HHP treatment (200 MPa – 2 min). 
As can be seen, S. Typhimurium grew at both temperatures, 37 and 10 °C, in the control samples 
(buffered peptone water). When the microorganism was treated by HHP (200 MPa – 2 min), almost no 
inactivation effect was achieved and cells finally grew as in the control sample. However, when the 
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microorganism was incubated with cauliflower by-product infusion, 5 log cycle reductions were achieved 
in the microbial load after 10 hours of storage at 37 °C, and after approximately 110 hours of storage at 
10 °C. Similarly, when S. Typhimurium was incubated with mandarin by-product infusion, 5 log cycle 
reductions were obtained in 80 and 240 hours during incubation at 37 and 10 °C, respectively. 
Therefore, although both cauliflower and mandarin by-product infusions exert a strong antimicrobial 
effect against S. Typhimurium, cauliflower by-product infusion appears to be more effective against the 
microorganism, achieving 5 log cycles of microbial reduction in a shorter period of time. Both 
agroindustrial by-products exert a relevant antimicrobial effect against S. Typhimurium, which could be 
explained due to their polyphenolic profile. On the one hand, mandarin and other Citrus by-products are 
rich in polyphenols as eriodyctiol, naringenin or hesperetin, which have an intense antimicrobial effect 
against gram-negative bacteria as S. Typhimurium (Mandalari et al., 2007; Sanz-Puig et al., 2016). On 
the other hand, cauliflower and other Brassicaceae by-products have been characterized and possess 
several aglycones and conjugated polyphenols with antimicrobial activity against S. Typhimurium (Olsen 
et al., 2010, Sanz-Puig et al., 2015).  
When the HHP treatment was applied in combination with 10% of cauliflower or mandarin by-product 
infusion, the antimicrobial effect against S. Typhimurium was greater, achieving a reduction of 5 log 
cycles after 5 and 80 hours of incubation at 37 and 10 °C, respectively, in cauliflower by-product infusion, 
and after 5 and 54 hours of storage at 37 and 10 °C, respectively, for mandarin by-product infusion. 
These results appear to indicate that there are synergistic effects between HHP treatment and the 
addition of cauliflower and mandarin by-product infusions, because the combination of them reduces the 
time required to achieve 5 log cycles of inactivation at different incubation temperatures. These results 
are in agreement with other research studies in which HHP treatments were combined with other natural 
antimicrobials (Montiel et al., 2015; Oliveira et al., 2015). Obviously, at low temperature (10 °C) the 
microbial inactivation was slower than at optimal temperature (37 °C), probably because of a reduction in 
its metabolic activity, leading to an increase in the time for cell recovery, as previously indicated by 
McDonald and Sun (1999) and Swinnen, Bernaerts, Dens, Geeraerd and Van Impe (2004). 
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3.2. Study of cellular damage in S. Typhimurium population exposed to cauliflower or 
mandarin by-product infusion combined/not combined with HHP pre-treatment 
As can be seen in Figure 3, the control sample grew (a and c), and the HHP treatment (b and d) 
generated a small percentage of damaged cells while the intact cell population was maintained 
throughout the incubation. In contrast, when S. Typhimurium was exposed to 10% cauliflower by-product 
infusion (Figure 4), both at 10 and 37 °C (a and c), the number of intact cells decreased, the number of 
dead cells increased and there was a subpopulation of damaged cells that were not able to repair the 
injury and were dead after 100 hours (4 days) at 10 °C and 10 hours at 37 °C. The combination of HHP 
treatment and exposure to cauliflower by-product infusion during storage of treated samples at 10 and 
37 °C (b and d) resulted in a number of damaged S. Typhimurium cells that progressively died during the 
storage period, achieving complete inactivation in shorter periods of time: 76 and 6 hours at 10 and 37 
°C, respectively. 
Incubation of S. Typhimurium in 10% mandarin by-product infusion alone (Figure 5) exerted an 
antimicrobial effect against the microorganism, causing a decrease in intact cells, an increase in dead 
cells and a slowly decreasing concentration of damaged cells, achieving complete microbial inactivation 
at 240 hours (10 days) and 94 hours (4 days) at 10 and 37 °C (a and c, respectively). When HHP 
treatment was applied in combination with mandarin by-product infusion the intact cells decreased, the 
dead cells increased and the damaged cells died during the storage period, achieving total inactivation in 
a shorter period of time than the result obtained with the infusion alone (54 hours at 10 °C and 6 hours at 
37 °C) (b and d). 
The synergistic antimicrobial potential between by-product infusions and HHP could be mainly due to the 
existence of sublethally damaged cells after HHP treatment (Prieto-Calvo, Prieto, López, & Alvarez-
Ordoñez, 2014) which, in the presence of antimicrobial natural compounds in by-product infusions, 
cannot recover and finally die (Somolinos, García, Pagán, & Mackey, 2008; Espina, García-Gonzalo, 
Laglaoui, Mackey, & Pagán, 2013). Thus the damaged cells – which in normal conditions would be a risk 
population because, if they recovered, they might acquire different characteristics from those of the initial 
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population (greater virulence or resistance to various antimicrobials or antibiotics) – are eliminated by the 
combination of treatments (HHP + infusion). Therefore, sublethal HHP treatments could be used in 
combination with these antimicrobial by-product infusions to reduce the food safety risk. 
3.3. Mathematical modelling of S. Typhimurium inactivation 
The S. Typhimurium inactivation results obtained with different combinations of HHP treatment and 
cauliflower and mandarin by-product infusions, incubated at 10 and 37 °C, were fitted to the Weibull 
model to obtain their kinetic values (b and n), which are shown in Table 2. 
The values of b (scale factor, which is directly related to the inactivation rate) were higher when the 
samples of S. Typhimurium were exposed to HHP treatment combined with incubation with 10% of by-
product infusion than when they were exposed to cauliflower or mandarin by-product infusion alone. In 
fact, both at 37 °C and 10 °C, the inactivation rate was doubled when the two treatments were applied 
together. Therefore, it can be concluded that the HHP pre-treatment improves the antimicrobial effect of 
the by-product infusions and the combination of the two treatments exerts a synergistic effect that 
increases the microorganism inactivation rate. 
 
4. Conclusions 
Cauliflower and mandarin by-product infusions have shown a strong antimicrobial effect against S. 
Typhimurium. The antimicrobial effect of these infusions could be due to their polyphenolic profile, as 
indicated by Sanz-Puig, Pina-Pérez, Martínez-López and Rodrigo (2016). This effect improves 
significantly when bacterial exposure to these infusions is combined with a sublethal HHP treatment (200 
MPa – 2min), achieving reductions of 5 log cycles in short periods of time (5–6 hours). 
Therefore, the inclusion of cauliflower and mandarin by-product infusions in vegetable products 
pasteurized by HHP technology could be used as an additional control measure to guarantee the food 
safety and food quality of food stored at refrigeration temperatures, preventing negative consequences 
of possible cold chain break situations. 
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Table 1. HHP treatments tested against S. Typhimurium. 
Pressure (MPa) Time (min) Pressure (MPa) Time (min) 
500 5 350 5 
450 5 200 2 and 5 
400 5 100 2 and 5 
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Table 2. Weibull kinetic parameters (b and n) of S. Typhimurium inactivation with/without 
cauliflower or mandarin by-product infusion, with or without HHP treatment, and the combination 
of them. R2 and MSE values are indicators of goodness of fit. 
 
Infusion Temperature HHP b n R2adjusted MSE 
Cauliflower 
37 °C -- 0.38±0.03 1.27±0.16 0.986 0.170 200 MPa 2 min 0.55±0.04 1.49±0.04 0.965 0.340 
10 °C -- 0.09±0.01 0.65±0.05 0.969 0.013 200 MPa 2 min 0.26±0.01 0.64±0.006 0.966 0.198 
Mandarin 
37 °C -- 0.77±0.39 0.15±0.07 0.986 0.170 200 MPa 2 min 1.38±0.08 0.65±0.18 0.965 0.340 
10 °C -- 0.13±0.03 0.65±0.04 0.986 0.041 200 MPa 2 min 0.23±0.05 0.70±0.06 0.992 0.104 
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Figure 3: S. Typhimurium population analysis in control sample (buffered peptone water) (a) and samples treated by HHP (b) at 10 °C and  S. 
Typhimurium population analysis in control sample (buffered peptone water) (c) and samples treated by HHP (d) at 37 °C. 
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Figure 4: S. Typhimurium population analysis with exposure to 10% cauliflower by-product infusion at 10 °C (a), with a combination of both 
treatments at 10 °C (b), with cauliflower by-product infusion at 37 °C (c) and with a combination of both treatments at 37 °C (d). 
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Figure 5: S. Typhimurium population analysis with exposure to 10% mandarin by-product infusion at 10 °C (a), with a combination of both 
treatments at 10 °C (b), with mandarin by-product infusion at 37 °C (c) and with a combination of both treatments at 37 °C (d). 
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